Abstract. The study reviews the existing methods for estimation of the peak and residual shear strength of columns and the main parameters that
Introduction
Condition assessment of an existing reinforced concrete structure is the first step towards retrofit design and strengthening. Reinforced Concrete (R.C.) columns represent the most critical components in this assessment problem, as their possible failure can place at risk the integrity of the structure and its ability to support gravity loads. Thus, dependable assessment of columns is a prerequisite for the successful redesign of a structure, and requires a good understanding and interpretation of the current condition. A critical part of this procedure is the estimation of the degraded shear strength of reinforced concrete columns after inelastic reserved cyclic displacements such as those occurring during a severe earthquake. In the context of the following investigation, performance assessment makes direct reference to the state of damage attained by the examined member. Damage is quantified in terms of lateral drift ratio. To facilitate calculations at distinct performance limits, drift capacity is estimated at the point of shear and axial failure on the experimental envelope curve. Current methods used in design codes to estimate the extent of degradation of shear strength with increasing displacement demand are built on previous researches by Aschheim(1992) , Lynn(2001) , Sezen(2002) and Elwood(2003) . However, collective evaluation of the available data identify that certain parameters may have a great than what was thought before effect on the overall mechanism of shear strength degradation and on the deformation capacity of the member at performance limit states; such are, the aspect ratio, the second order effects generated by axial load, and the effect of transverse reinforcement ratio on the value of drift at failure. For this reason this problem is revisited aiming for a better understanding of the relationship between shear strength, P-Δ effects, and the drift ratios at shear and axial load failure.
In particular, evaluation of the residual shear strength of a member after degradation due to excessive displacement has set-in is a focal point of this study. While the displacement increases well beyond the peak point of the resistance curve of the member, the load-carrying capacity decreases owing to a variety of reasons, several of those reflecting implicit shear failure, such as diagonal tension cracking in the web of the member, yielding of longitudinal reinforcement, excessive compressive strains in the compression zone, loss of bond strength of the longitudinal reinforcement and disintegration of the web concrete due to diagonal compression. In some situations other effects may be responsible for what is often interpreted as damage-induced strength degradation -this refers to the influence of second order effects imparted by the axial load while the deformation increases. Especially this phenomenon seems to contribute dramatically to the macroscopically observed loss of lateral resistance, and the confusions caused thereof is occasionally passed-on into the calibrated expressions for shear-strength assessment of columns (the k(μ) factor, see ASCE/SEI 41, 2007) . Linked with this is the value of drift at the onset of shear and axial failure. To address this problem from the beginning, a data base of 135 old type R/C columns has been created and an algorithm is followed taking into consideration the second order effects in correcting the experimental resistance envelope curves for some of the specimens. Comparison between the existing calibrated models for the evaluation of shear strength and the results illustrates the significance of second order effects on shear strength degradation. Experimental values of shear and axial drift ratios at the corresponding limit states are compared with values obtained from the proposed models. An investigation of how the values of aspect ratio, transverse reinforcement ratio and axial load influence the values of drift ratio at the reference limit states is also included in the discussion. Figure 1 Schematic representation of the effects of P-Δ on the response curve of a member. Vertical axis represents the shear force required to produce a given drift magnitude (horizontal axis coordinate) if axial load is not considered (blue line) and after correction for the P-Δ effects (red line).
SHEAR STRENGTH
To investigate the behavior of columns under seismic shear, a data base of column tests was assembled. The data base contains columns of different cross sectional shapes, and tested under cyclic loading in single and double curvature simulating the action of earthquakes. Most of the specimens were observed to exhibit shear failure. Additionally, a small number of spiral columns were selected for study that failed in flexure. Important response parameters selected for the data base were the drift ratios at shear and axial failure, depicted in Fig. 1 , and denoted as (Δ/L)shear and (Δ/L)axial, respectively. According to the established practice in the field, the drift at shear failure is identified as the point where a 20% loss in lateral load carrying capacity is observed, whereas the drift at axial failure is associated with loss of axial load carrying capacity -i.e. collapse (this point sometimes may be identified as the final point of the envelope curve). Parameters used in the investigation were the following: the aspect ratio M/(Vd), the transverse reinforcement ratio ρ'', the average axial load ratio, νd=P/Agfc', the longitudinal reinforcement ratio and the material properties of the specimens. Values of the parameters for all assembled specimens are illustrated in the Table 4 in Appendix A . The specimens are categorized according to cross-section shape.  Rectangular shaped columns  Circular shaped columns  L shaped columns.
The nominal shear strength of a reinforced concrete member, Vn , is estimated from the contribution of various strength components, namely, a contribution of the concrete web, VC (comprising shear transfer over the compression zone, aggregate interlock and dowel action over the tension zone ) and the contribution of transverse (web) reinforcement Vs as illustrated in Figure  3 (Elwood et al 2003). In most cases of design guidelines around the world the contribution of axial load, is either considered separately, or it is embedded in VC. Because shear failure is a brittle mode of failure it is generally placed higher in the strength hierarchy scheme of capacity design, as compared to flexural failures; in the strength inequality flexural strength defines the demand for shear design of new, or the basis of assessment in existing members. As it is desirable to maintain shear demand below shear strength at least within the range of design displacements (i.e. up to a displacement ductility of 5), strength is estimated by considering all possible forms of disintegration that may limit its magnitude. Strength reduction is effected by multiplying the nominal strength by a multiplier that accounts for the various effects that are responsible for shear strength loss, originally proposed by Aschheim and Moehle (1992) As is shown in Table 1 , the shear strength models include coefficients that estimate the reduced shear strength. The strength reduction is attributed to the degradation of the concrete web which carries the shear through diagonal compressive struts. However, shear force measured in columns while conducting tests to lateral displacement (drift) history, undergoes an apparent loss of magnitude with increasing displacement, even if no web damage could be detected (e.g. in flexural response), and this is due to the second order effects of the column axial load as the longitudinal axis of the member is displaced from the reference point. This apparent reduction of column strength, dV, may calculated after consideration of the column in the deformed configuration. Thus, to maintain constant flexural moment at the column base, Mo, the shear force V(Δ) may be estimated from:
Today with the vast number of available column experiments it appears that strength degradation may be overestimated, or may be insensitive to some important relevant parameters. Although behavioral factors such as diagonal cracking of concrete (flexural yielding, splicing of reinforcement in critical regions, compression buckling of longitudinal reinforcement) are the prime culprits, there is no question that second order effects consume a large fraction of the available strength giving the impression that strength loss takes place. It is actually a debated question whether the experiments used to calibrate the expressions for the degradation coefficient were corrected for dV before estimating the real strength loss with increasing displacement ( In this paper this problem is revisited by studying strength loss only once after the data were systematically corrected in a uniform manner for the second order effects. The methodology followed in this process is described in detail: In order to understand the degree of influence of second order effects on shear strength, the experimental results will be compared with the results obtained from the proposed models as described in Table 1 . As a first step the resistance curve was evaluated for each specimen contained in the database using established sectional analysis software (Response-2000). Next the analytical resistance envelope curve is analyzed and corrected accounting for second order effects; the corrected curve is subsequently compared with the experimental resistance envelope. Any residual difference observed between the experimental curve and the analytical curve after correction for P-Δ may be attributed to other sources of degradation such as compression softening of concrete and disintegration of the web of the member. See the figure below: Figure 3 Comparison of the analytical envelope curve after considering the second order effects with the experimental envelope curve.
The background concept of this procedure is as follows: Ideally, a reinforced concrete member that undergoes flexural yielding without any shear degradation, would exhibit a response curve that is either elastoplastic or elastoplastic with hardening. Deviation from this ideal response may be owing to both, disintegration and P-Δ effects. Both of these components increase with deflection, however the latter of the two terms is easy to calculate given the lateral displacement of the column and the shear span length, Ls. The objective is therefore, to separate the contributions of these two sources of apparent strength loss by restructuring the total deviation of the actual response curve from its undegraded flexural response curve. Thus, the total lateral force reduction, ΔV comprises components as: Figure 4 Difference between the elastoplastic and the experimental envelope curve. Red is the load carrying capacity occupied by P-Δ; Green is the load carrying capacity degraded (non-recoverable) due to damage.
ΔV= the difference between the elastoplastic and the experimental envelope curve P= the axial load Δ= the horizontal displacement Ls = the span length of the column between the fixed support and the point of zero moment. Therefore, a relationship is sought between the corrected shear strength degradation term, ΔVred, and the drift ductility μθ. (1) Calculation of Vshear,max for the minimum value of μn (ductility).
(2) For the minimum value of drift ductility μ1 it turns out the following relationship : 
SHEAR AND AXIAL DRIFT CAPACITY
Another aspect in the evaluation procedure is deformation capacity. 
A comparison between the experimental and analytical results obtained for the shear drift capacity was conducted. The experimental shear force is compared with the value of shear force obtained from Response 2000 analysis taking into account the influence of second order effects and the aspect ratio of the member considered. A parametric investigation between transverse reinforcement ratio, axial load ratio, aspect ratio and experimental shear drift values was conducted.
Another concern is the estimation of the drift ratio at column axial failure. This is an extreme stage where the column is near imminent collapse. At this stage it is assumed that whatever residual shear strength is available to the column, this is owing to the frictional resistance that develops along the failure plane which is inclined at an angle θ from the member cross section (Fig. 2 , see term Vsf). Based on this frictional concept,
The equations representing equilibrium of forces along x and y of the Free-Body Diagram of the column model depicted in Fig. 2 are as follows:
Since imminent collapse is considered, the external shear resisted, V is now taken equal to zero. Thus, Equation (3) will take the following form:
, and,
The coefficient of friction and the angle θ of the failure plane are required to perform a calculation; Elwood and Moehle (2003) using the results from their own database and using constant value of shear angle θ= 65 ο calculated the coefficient of friction. As a result of this investigation proposed the following relationship between the effective coefficient of friction and the drift ratio at axial failure for the total capacity model.
Furthermore the coefficient of friction μ can be calculated from the following equation:
Calibration between the two equations, i.e., (7) and (8) is used to obtain the following expression for the drift at axial failure. 
According to Elwood and Moehle (2003), the precision of such a model is comparable to that for the strength, since the longitudinal reinforcement capacity is not controlled when the drift ratios in the tests are recorded. The model requires information only about the transverse reinforcement and the axial load. In the present study a comparison is carried out between the results from Equation (9) and the independently assembled database of tests, presented herein. A next step investigating the performance of the proposed relationship for the axial drift ratio at failure is the parametric analysis of the effect of aspect ratio, taking into account the transverse reinforcement ratio and the axial load ratio considering collectively all the tests of the database.
DISCUSSION OF INVESTIGATION RESULTS
To investigate the influence of second order effects on shear strength degradation a bar chart was prepared to check the results for eight selected column specimens obtained from the data base. The specimens are shown in Table 2 and all the geometrical and mechanical properties can be found in Table 4 of Appendix A.The criterion of specimens selection was the same value of displacements ductility μ=4 due to the fact that for high values of displacements, the contribution to shear strength degradation is bigger. Figure 5 compares for a displacement ductility of μ=4 the ratios ΔV/Vmax, ΔVred/Vmax with the corresponding values which are obtained from the shear strength models of Table 1 . According with the procedure described in section 2, and as shown in Figure 5 , shear strength is decreased with increasing displacement ductility. Μore specifically, it may be seen in Fig. 8 which compares the ratios ΔV/Vmax and ΔVred/Vmax for each specimen that a lower strength degradation occurs than previously thought, when the second order effects are accounted for; at the same time, the total strength loss expressed by the ΔV/Vmax ratio is underestimated. The first of the models (Ashheim and Moehle 1992) is particularly unconservative. Overall, the model by Elwood and Moehle (2003) gives the closest approximation to the experimental results, although it appears that this too requires improvement (Fig. 8 , Table 2 ) to better match the tests. Table 2 Results from the calculations for μ=4, and In the following figures, the experimental results of the database specimens are plotted against the results of the models listed in Table 1 .
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Anthos I. Ioannou, Stavroula J.Pantazopoulou Within each group, the rhomboid shape refers to low aspect ratio columns which are predisposed to shear failure; circles correspond to an aspect ratio between 2 and 4, whereas very slender members are plotted with triangles. Figure 8 Influence of axial load ratio, transverse reinforcement ratio and aspect ratio, on drift ratio at shear failure.
From Figure 8 it is observed that several trends occur simultaneously: drift capacity at shear failure increases with the amount of transverse reinforcement, since better confinement and better shear reinforcement amounts postpone the occurrence of shear failure; green red and blue points are grouped sequentially in this order on the plot. Thus for the same amount of transverse reinforcement, specimens with higher axial load ratio correspond to lower values of lateral drift at shear failure. Higher drift values are possible as the axial load is reduced. Moreover for values of axial load in the range 0≤ν≤0.15 it may be seen that the drift capacity is proportional to transverse reinforcement ratio. Similar is the effect of the aspect ratio: higher aspect ratios lead to higher values of drift capacity at shear failure. This occurs whether as point of reference equal transverse reinforcement, or equal axial load ratio is considered.
Subsequently the value of drift at axial load failure as calculated by Eq. 9 is compared against its experimental counterpart in Figure 9 ; clearly the equation assesses the drift capacity at failure quire satisfactorily, however, the scatter is significant. It is possible that by accounting the other two important parameters, namely the aspect ratio and transverse reinforcement ratio the scatter may be reduced and correlation be improved. 
CONCLUSIONS
 The current study aims to recapitulate the current knowledge concerning the estimation of the residual shear strength and pattern of strength degradation, taking into consideration the influence of axial load and the occurrence of second order effects during the lateral displacement history. Furthermore, drift capacities at the point associated with shear and axial load failures were also considered.  Taking into account the contribution of axial load in estimating the remaining shear strength of a column with increasing displacement, it seems that a large fraction of the macroscopically observed lateral strength loss originally attributed to disintegration of the shear resistance mechanisms is really owing to the contribution of second order effects. This important response aspect accounts for a significant part of the lateral resistance of the column and therefore the coefficient of strength reduction with increasing ductility which has been introduced in assessment codes is found to overestimate the phenomena of strength degradation. Therefore, all the relevant assessment equations need to be reconsidered.  Drift capacity at the onset of shear failure is defined at the point on the post peak branch associated with 80% residual member strength. After a parametric investigation, the results show that there is an agreement between the expressions by Elwood and Moehle (2003) and an independently assembled experimental database results in that the shear drift value increases almost proportionately with transverse reinforcement ratio, whereas it is inversely proportional to axial load ratio. Higher aspect ratio has the same effect; low shear drift values are observed in the case of shear critical columns. 
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